The molecular basis of the substrate specificity of Clostridium histolyticum ␤-collagenase was investigated using a combinatorial method. An immobilized positional peptide library, which contains 24,000 sequences, was constructed with a 7-hydroxycoumarin-4-propanoyl (Cop) fluorescent group attached at the N terminus of each sequence. This immobilized peptide library was incubated with C. histolyticum ␤-collagenase, releasing fluorogenic fragments in the solution phase. The relative substrate specificity (k cat /K m ) for each member of the library was determined by measuring fluorescence intensity in the solution phase. Edman sequencing was used to assign structure to subsites of active substrate mixtures. Collectively, the substrate preference for subsites (P 3 -P 4 ) of C. histolyticum ␤-collagenase was determined. The last position on the C-terminal side in which the identity of the amino acids affects the activity of the enzyme is P 4 , and an aromatic side chain is preferred in this position. The optimal P 1 -P 3 extended substrate sequence is P 1 -Gly/Ala, P 2 -Pro/Xaa, and P 3 -Lys/Arg/Pro/Thr/Ser. The Cop group in either the P 2 or P 3 position is required for a high substrate activity with C. histolyticum ␤-collagenase. S 2 and S 3 sites of the protease play a dominant role in fixing the substrate specificity. The immobilized peptide library proved to be a powerful approach for assessing the substrate specificity of C. histolyticum ␤-collagenase, so it may be applied to the study of other proteases of interest.
Collagenases, a small group of the matrix metalloprotease (MMP) 1 family, are highly specific proteases capable of causing hydrolytic cleavage in the triple-helical region of collagen molecules (1, 2) . In contrast to mammalian collagenases, which cleave the collagen helix at a single site, bacterial collagenases attack multiple sites along the helix. The bacterium Clostridium histolyticum produces several collagenases, and seven types have been identified to date. These enzymes are among the most efficient known for collagen cleavage. Because of their unique activities, C. histolyticum collagenases have found broad application in the isolation of specific cell types from attendant connective tissue (3, 4) . Recently, class I C. histolyticum collagenases were used to anchor signaling molecules to collagencontaining tissues, presenting a great potential for targeted drug delivery of anti-arthritis and anti-cancer reagents (5, 6) . Despite the wide use of these unique proteases, the substrate specificities that are central to their proteolytic function are not well understood. In previous studies (7, 8) , synthetic peptide substrates derived from the native sequence of collagen were used to probe the substrate specificities of each subsite around the scissile bond of these proteases. However, the synthesis and assay of single substrates are so tedious that these studies provided only limited substrate specificity profiles for C. histolyticum collagenases.
Combinatorial approaches have recently been used to address the identification of substrate recognition sites in biologically important molecules (9 -13) . A support-bound peptide library is one of the major types of substrate libraries and has proved useful for rapid determination of substrate specificity for several proteases such as cysteine proteases and napsin A (14, 15) . A support-bound peptide library has been used successfully to examine the specificity of human fibroblast collagenase (16) .
In the present study, we have screened the relative substrate activities (k cat /K m ) of an immobilized heptapeptide library with C. histolyticum ␤-collagenase (EC 3.4.24.3), a class I C. histolyticum collagenase, which is present in most commercial preparations. The relative k cat /K m values and sequences obtained for the active substrates provide a substrate specificity profile of this enzyme from the P 3 to P 4 Ј positions. Our results provide the most complete substrate specificity profile available for C. histolyticum ␤-collagenase.
EXPERIMENTAL PROCEDURES
Library Synthesis-The immobilized peptide library contains three arrays (Fig. 1) . The peptide arrays were synthesized as described previously (16) using controlled pore glass (CPG) as the solid support. CPG that contains a 3-aminopropyl (AMP) handle was purchased from CPG Inc. (Fairfield, NJ) and was exhaustively coupled with Fmoc-␤-alanine (␤Ala) followed by coupling with Fmoc-6-aminocaproic (ACP) acids using a 10-fold excess of preformed N-hydroxybenzotriazole active esters in N-methylpyrrolidone. This sample was subsequently coupled with Fmoc-Ala using the standard solid-phase synthesis method. A 250-g sample of CPG containing a homogeneous population of Ala-(ACP) 6 -␤Ala-AMP was prepared. The degenerate "B " was assembled by the "split and mix" method first described by Furka et al. (17) . The beads containing Ala-(ACP) 6-␤Ala-AMP were split into 20 aliquots, and individual aliquots were coupled with different amino acids (cysteine was replaced with S-methylcysteine). After introduction of the 20 different residues, the individual samples were mixed, resulting in 20 different residues equally represented at B. Then the mixed beads were split again for the preparation of 1,200 final peptide samples (Advanced ChemTech synthesizer model MPS 350). This is an automated process in which a standard protocol of triple coupling with a 10-fold excess of Fmoc amino acid N-hydroxybenzotriazole active esters was utilized. Finally, each sample was reacted with 7-hydroxycoumarin-propanoic acid (Cop-OH), yielding a fluorescence-labeled immobilized peptide library.
Enzymatic Assay of Library-C. histolyticum ␤-collagenase (Sigma) hydrolytic assays were performed following a method reported previously (16) with some modifications. First, 4.0 Ϯ 0.3 mg of glass-bound peptides were weighed into each individual tube. Second, 200 l of a buffer (containing 50 mM Tris, pH 7.5, 200 mM NaCl, 10 mM CaCl 2 , and 0.01% Triton) were added, followed by 40 l of a 500 nM collagenase solution. At room temperature, samples were mixed on a variable-speed rotating mixer (Thermolyne Roto Mix model 50800) for 120 min. The glass beads and substrates remaining on the glass were allowed to settle for 3 min by gravity after reaction. Supernatant (100 l) from each sample was transferred to the appropriate position in a 96-well plate, and fluorescence was read using a Bio-Tek fluorescence plate reader. A portion of the glass-bound sample was subjected to Edman micro-sequencing to identify the cleavage site and the contribution of each amino acid in the B position. Sequence analysis (Applied Biosystems protein sequencer model 473A) was performed on CPG beads that were placed on a filter. The assay format and approach for the identification of active sequences are summarized in Fig. 2 .
The correct identification in Edman sequencing of X i and X j of each sample was employed as a control throughout the screening. In addition, a positive control sample (Cop-GPLALA-(Acp) 6 -␤Ala-AMP-CPG) and a negative control sample ((␤Ala) 6 -(Acp) 6 -␤Ala-AMP-CPG) were synthesized and evaluated as part of the screening experiment (18) . The assay results for these samples were used as an indication of the validity of the assay and to account for variance in collagenase activity among different batches. The negative control samples typically produced very low fluorescence (Ͻ30) in the supernatant. The observed (raw) fluorescence for the positive control samples was in the range of 850 -950 (arbitrary unit for instrument).
RESULTS
Library Construction-The combinatorial library is composed of three fluorescence-labeled peptide arrays, Cop-AAXi X j ABA, Cop-AAX i AX j BA, and Cop-AAAX i X j BA, where A is an alanyl residue, Xs represent 20 amino acids present one at a time, and B is a degenerate position in which all 20 amino acids are equally represented (Fig. 1) . For easier synthesis, S-methylcysteine was used in replacement of cysteine.
Each array has 400 samples, in all of which the identities of Thus, this peptide library contains 24,000 sequences, which provide a complete diversity in a four-amino acid window. Although the full diversity is limited to four positions, this library may be utilized to investigate a protease that has more than four subsites in its active site. The reason is that the protease under study may align the different peptides into the active site in different registers. For example, if a sample Cop-AAAX 1 X 2 BA binds to collagenase with X 1 , X 2 , and B in S 3 , S 2 , and S 1 subsites, respectively, this sample is useful for investigating the specificity at the S 3 , S 2 , and S 1 subsites of the enzyme. Similarly, if Cop-AAAX 3 X 4 BA, another member of the library, binds with X 3 , X 4 , and B in S 2 Ј, S 3 Ј, and S 4 Ј subsites of the protease, respectively, it may be used to derive the specificity at the S 2 Ј, S 3 Ј, and S 4 Ј subsites.
The samples were prepared by the standard solid-phase peptide synthetic technique. Without final cleavage, the peptides were immobilized through a designed linker ((ACP) 6 -␤Ala-Amp) to the CPG. A fluorescent Cop group was conjugated to the N terminus of each peptide. This chromophore is released to the solution phase after P 1 -P 1 Ј bond cleavage, forming the basis for the assays. The Cop group can also interact with the active site of the protease, presumably through hydrophobic interactions. We have reported an excellent correlation (r 2 ϭ 0.994) between the relative substrate activity for soluble peptides and that of the corresponding immobilized peptides (16) . This correlation demonstrates that the kinetics of hydrolysis of immobilized peptides are predictive of the reaction of their soluble counterparts, validating the use of this immobilized peptide library for enzymatic screening.
Assay Results-The entire immobilized peptide library was screened with collagenase. After a 2-h hydrolysis period, the uncleaved peptides and the C-terminal segment of the hydrolyzed peptides remained in the solid phase, whereas fluorescent N-terminal segments of the hydrolyzed peptides were released to the solution phase. Because the amount of the peptide segments produced within a certain length of time is proportional to the k cat /K m value, the relative k cat /K m values for two samples are equal to the relative fluorescence intensities after the 2-h incubation. The N-terminal sequencing of the remaining peptide segment on the solid portion was performed to assign the cleavage site of active samples. The contributions of amino acid in the B position of the active samples were directly read in the sequencing data of the cycle of B.
The relative k cat /K m values are presented in Fig. 3 separately for each of the three arrays. Array 1 showed the lowest overall substrate activity with collagenase, compared with arrays 2 and 3. Among the 1,200 samples, 11 have relative k cat /K m FIG. 1. Structure of the support-bound combinatorial library used to determine substrate specificity of C. histolyticum ␤-collagenase. CPG is used as the solid support. The designed linker is (6-aminocaproyl) 6 -␤Ala-3-aminocaproyl ((ACP) 6 -␤Ala-Amp). A is an alanyl residue. B is a degenerate position in which all 20 amino acids are equally represented. Xs correspond to 20 coded ␣-amino acids (S-methylcysteine substituted for cysteine) present one at a time. For Array 1, a known residue was added at X j . The same procedure was then followed at X i , resulting in 400 samples in Array 1, each with known X i and X j residues and full degeneracy at position B. Arrays 2 and 3 were constructed following the same procedure. Cop is (7-hydroxylcoumarin-4-yl)propanoyl serving as fluorescence marker.
FIG. 2.
Principle of the substrate screening using the immobilized peptide library. X 1 -X 2 -X 3 -X 4 -X 5 -X 6 -X 7 is the sequence under study. If the peptide is hydrolyzed between X 4 and X 5 , the C-terminal segment Cop-X 1 -X 2 -X 3 -X 4 is released to the solution phase of the reaction mixture, making the solution fluorescent. The relative k cat /K m of the reaction was determined by measuring the fluorescence intensity. The segment remaining on the glass beads was subjected to Edman N-terminal sequencing to determine the site of cleavage.
values of higher than 2.0 ϫ 10 3 and were considered as active samples (boldface type in Tables I-III) . Array 2 contains more active samples than array 3, but the most active sample, Cop-AAGPABA, which exhibits a relative k cat /K m value of 8.0 ϫ 10 3 , is from array 3. Some active samples are listed with related samples in separate groups (Tables I-III) to help illustrate the effect of substitutions of amino acid at each position along the substrate sequence; this could result in the substrate specificity profile for the collagenase.
Information on the substrate specificity of collagenase at P 5 Ј and P 4 Ј can be directly obtained from the N-terminal sequencing results of the active samples Cop-AAGANBA and Cop-AAGPABA. The sequencing data showed a single cleavage site for each, A-A for Cop-AAGAQBA and A-G for Cop-AAGPABA. The structural assignments of these two samples can be seen in Tables I and II. For Cop-AAGAQBA, the degenerate B position was located in the P 5 Ј position; in hydrolyzed peptides, there is no significant difference among the relative amounts of various amino acids (Fig. 2A) . Therefore, the S 5 Ј subsite of collagenase exhibits no substrate specificity. For Cop-AAGPABA, the degenerate B is located in the P 4 Ј position, and hydrolyzed peptides showed over-representation of aromatic residues at P 4 Ј with Tyr Ͼ Phe Ͼ Trp. After the aromatic amino acids, Arg is most highly represented at P 4 Ј (Fig. 4B) .
The subsite specificity of collagenase at the P 3 Ј position can be deduced from the hydrolysis pattern of sample frame Cop-AAGAX j BA (Table I ). These 20 samples form two groups as follows: 6 samples are cleaved at only one site and 14 samples are cleaved at two sites, the single cleavage site and the double cleavage site groups.
The double cleavage site group consists of 14 samples; the active samples Cop-AAGAPBA, Cop-AAGAKBA, Cop-AA-GARBA, and Cop-AAGAHBA belong to this group. The two identified cleavage sites are not equal, but one site is more preferable than the other. For the predominant cleavage, the samples have Cop-Ala-Ala-Gly-Ala in positions P 3 to P 2 Ј. When a Lys, Arg, or Pro is present in the P 3 Ј position, the peptides are hydrolyzed rapidly in the order of Lys Ͼ Arg Ͼ Pro. However, when Val, Ile, Phe, and Tyr are present in the P3Ј position, the rates of hydrolysis of the peptides are very slow.
The single cleavage group contains 6 samples. The active FIG. 3 . Screening data for the three arrays with C. histolyticum ␤-collagenase.
TABLE I Frame Cop-A-A-G-A-X j -B-A
Cop-Ala-Ala:Gly-Ala-Gly-B-Ala Substrate Specificity of C. histolyticum ␤-Collagenasesamples Cop-AAGASBA and Cop-AAGATBA belong to the single cleavage site group. Unlike the samples of the double cleavage site group, these two samples have Cop-Ala-Ala-Gly-Ala exclusively occupying positions P 3 -P 2 Ј and were hydrolyzed rapidly. This result indicates that Thr and Ser are preferred in P 3 Ј positions but not in P 4 Ј. Interestingly, when Thr or Ser was replaced with Asn or Gln, the rates of hydrolysis were still high; the sequencing data showed a single cleavage site for samples Cop-AAGANBA and Cop-AAGAQBA. However, the Cop-Ala-Ala-Gly-Ala part of the samples was located in positions P 2 -P 3 Ј instead of P 3 -P 2 Ј. This result suggests that Asn and Gln are preferred in the P 4 Ј but not in the P 3 Ј position. Table II contains samples Cop-AAGX j ABA that allow determination of the P 2 Ј subsite preference, and Table III contains samples Cop-AAX i PABA that allow determination of the P 1 Ј subsite preference. The samples within these two groups are hydrolyzed by collagenase at a single cleavage site. For Cop-AAGX j ABA, cleavage occurs exclusively at the A-G peptide bond with Gly in the P 1 Ј and X j in the P 2 Ј position (Table II) . When X j is Pro, sample Cop-AAGPABA was hydrolyzed at the highest rate. The replacement of Pro at P 2 Ј with Ser, Thr, Asn, or His lowered the rates about 10-fold. When other amino acids are in this position, the samples are also hydrolyzed but at even lower levels. The samples with a positively charged Lys or Arg side chain in the P 2 Ј position exhibit the lowest substrate activities. This result suggests that the enzyme has broad specificity at the P 2 Ј position, but Pro is highly preferred.
In contrast, frame Cop-AAX i PABA exhibits two hydrolysis patterns, although only one cleavage site was found for each of the samples (Table III) . When Gly is in the X i position of the frame, the scissile bond is A-X i and Pro occupies the P 2 Ј position. As mentioned above, sample Cop-AAGPABA was hydrolyzed at the highest rate. Replacement of the Gly residue in position X i with Ala lowers the rate almost 8-fold, but the location of the scissile bond of Cop-AAAPABA is the same as that of Cop-AAGPABA. Substitutions of Gly with other amino acids reduce the hydrolytic rates to levels lower than that of Cop-AAAPABA. In addition, the replacements result in a shift of the scissile bond toward the C-terminal side and force Pro to move from the favorable P 2 Ј position to the unfavorable P 3 Ј position. This indicates that amino acid residues other than Gly and Ala cannot be accommodated in the P 1 Ј position. Thus, this enzyme has a strict specificity at the P 1 Ј position. Only a small side chain is allowed, with Gly as the most preferred, followed by Ala. The result is confirmed by the sequencing data for sample Cop-AAAYKBA (Table IV) , which has two cleavage sites. In the minor cleavage case, the B position of the sample occupies the P 1 Ј position. It was found that Gly contributes ϳ80% of the active component at the B position and the remaining contribution is from Ala (data not shown). 
TABLE II Frame Cop-A-A-G-X j -A-B-A
Cop-Ala-Ala:Gly-Pro-Ala-B-Ala 
TABLE III Frame Cop-A-A-X i -Pro-A-B-A
Cop-Ala-Ala:Gly-Pro-Ala-B-Ala The active samples not listed in Tables I and II are shown in  Table IV with the most active sample Cop-AAGPABA. From Tables I to III, we can easily see that all active samples have the fluorescent Cop group in either the P 2 or P 3 position (Tables  I-III) . This suggests that a bulky hydrophobic group in these positions is required for a high hydrolytic rate; this is confirmed by the sample Cop-AAAYKBA (Table IV) , which exhibits two-site cleavage with the enzyme. The cleavage occurs predominantly with a Cop and an Ala at P 2 and P 1 , respectively. In the minor cleavage case, Ala, Tyr, and Lys occupy positions P 3 -P 1 with Cop at the P 5 position. Thus, the enzyme has a preference for a bulky hydrophobic group in the P 2 and P 3 positions. For Cop-AAAGPBA, a single cleavage site was found with Gly and Pro residues at P 3 Ј and P 4 Ј, respectively.
DISCUSSION
A major advantage of the combinatorial peptide library approach used in the current study is that it permits rapid access to the relative k cat /K m values for the hydrolysis of a series of substrates. From the enzyme kinetics view, the relative k cat /K m values for the hydrolysis of a series of substrates are the correct kinetic quantities with which to evaluate the substrate specificity of the enzyme (19) . The relative k cat /K m values of the peptide samples in our peptide library with C. histolyticum ␤-collagenase and the resulting structure assignments for active samples enable us to fix the substrate specificities for each subsite of this unique protease.
The identity of amino acid at the P 5 Ј position does not affect collagenase activity, but an aromatic amino acid residue is clearly preferred at the P 4 Ј position. Thus, P 4 Ј is the last position on the C-terminal side of the substrate that affects collagenase activity. Although an aromatic residue is preferred at the P 4 Ј position, a strongly specific interaction between collagenase and the P 4 Ј residue is not important for activity, because all other amino acids are also accommodated in this position.
The subsites that play more critical roles in defining substrate specificity of collagenase are the P 3 -P 3 Ј sites. The P 3 Ј site has broad specificity, but there are some particular exceptions. For example, Asp, Glu, Asn, and Gln are never present at P 3 Ј in active substrates. All other residues are tolerated in this position, although Lys, Arg, Ser, Thr, or Ala is preferred. At the P 2 Ј position, the most strongly preferred amino acid is Pro. At P 2 Ј, His is inferior to Ser and Asn, whereas substitution with Lys or Arg greatly decreases the activity. It has been suggested that there is a hydrophobic S 1 Ј pocket for MMPs (9) . The substrate requirements at the P 1 Ј position for many MMPS are modestly flexible if the amino acid residue in this position is hydrophobic. However, our results show that Gly is the only amino acid highly preferred at the P 1 Ј position. Substitution of Gly by Ala decreases the hydrolytic activity about eight times, and no other amino acid residues were found at P 1 Ј in the active substrates; this suggests a smaller hydrophobic space at the collagenase S 1 Ј pocket than at that of other MMPs.
On the subsites of the N-terminal side of the scissile peptide bond, all active substrates have the hydrophobic group Cop in either the P 3 or P 2 position, perhaps suggesting a critical role for P 3 and P 2 structures in positioning the substrate against the catalytic apparatus of collagenase. Cop is a bulky hydrophobic group. It has been reported that cinnamoyl and 4-nitrophenylalanyl are also preferred at the P 3 and P 2 positions. Like Cop, both cinnamoyl and 4-nitrophenylalanyl are hydrophobic groups. The preference for a bulky hydrophobic group in P 3 and P 2 indicates that collagenase has developed a large hydrophobic surface pocket at S 3 and at S 2 . Tyr and Lys were also found at the P 3 and P 2 positions for sample Cop-AAAYKBA (Table  IV) . Apparently, Tyr and Lys are not the preferred residues because they occur in the minor cleavage.
Collectively, the P 3 through P 4 Ј specificities are all important for hydrolysis of collagenase. Furthermore, the roles of these positions in aligning the substrate with the catalytic apparatus of the enzyme, which is the first step in proteolysis, can be evaluated in a comparative sense. Thus, the P 3 and P 2 positions play a significantly more critical role in defining substrate activity than do other positions. This result is illustrated by Cop-Ala-Ala-Ala-Gly-Pro-B-A (Table IV) . As described above, Gly-Pro are the best residues for the P 1 Ј and P 2 Ј positions. If collagenase had developed S 1 Ј and S 2 Ј subsites as the determinative sites for alignment of the substrate with the catalytic apparatus, sample Cop-Ala-Ala-Ala-Gly-Pro-B-A would bind to the enzyme with Cop, Gly, and Pro in P 4 , P 1 Ј, and P 2 Ј, respectively. On the other hand, if the requirement of a bulky hydrophobic group in either the S 3 or S 2 site of the enzyme were to play the more important role in positioning the peptide, the Gly and Pro of sample Cop-AAAGPBA should not be found at the P 1 Ј and P 2 Ј positions. In fact, this sample is hydrolyzed by collagenase in a single site, with splitting of the peptide into two segments, Cop-Ala and Ala-Ala-Gly-Pro-B-Ala. The peptide is therefore positioned across the catalytic apparatus with Cop, Gly, and Pro at P 2 , P 3 Ј, and P 4 Ј, respectively. From this result, we conclude that interactions at P 3 and P 2 are the determinative factors for substrate positioning with C. histolyticum ␤-collagenase. It should be noted that the primary specificity of many MMPs is dominated by a hydrophobic S 1 Ј pocket (9) . Although the P 1 Ј position also demonstrated a high preference for small residues of Gly or Ala, this position is certainly not the dominant site for fixing the substrate specificity of this enzyme. It is reported that serine proteases from both the subtilisin and chymotrypsin families have a dominant S 1 pocket (20) . Perhaps the closest similarity to the collagenase for substrate binding is found in papain families, which utilize S 2 pocket to fix specificity (21) . However, the high preference for Gly at P 1 Ј, which is seen for collagenase, is not observed in papains. The primary specificity of collagenase is different from most proteases, including many other MMPs (9) . This may be the major reason for the unique activity of this enzyme for hydrolyzing collagen molecules that are resistant to most proteases.
The results from the library cleavage analysis show a unique specificity fingerprint of collagenase. Previously, the action of this enzyme was studied primarily through the use of synthetic short peptides, which were derived from the sequence around the cleavage site of collagenase in the native collagen molecule. Cop-Ala-Ala:Gly-Pro-Ala-B-Ala
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a Predominant cleavage.
Those studies produced some valuable information on the substrate specificity of collagenase. For example, Van Wart and co-workers (7) discovered a preference for unbranched hydrophobic side chains with Tyr Ͼ Phe Ͼ Ala at the P 1 position. This point was not addressed in our study because of the specificity dominance of the P 2 and P 3 positions. However, because of the tedium of the synthesis and assay of individual peptides, the previous studies did not explore complete diversity at each position. Additionally, the peptides used in previous studies were exclusively short, none of them extending beyond P 3 Ј on the C-terminal side of the scissile bond. In contrast, the use of the combinatorial peptide library, which provides complete diversity of amino acids beyond the P 1 position, surmounts the limitations present in the previous studies. The substrate specificity profile gathered is in agreement with known specificities and provides a "fingerprint" for the protease. The ability of the library to screen all possible substrates yields not only sensitive substrates but also suboptimal substrates, which enables us to determine the roles of individual positions with high preference in a comparative sense.
In conclusion, we have used a unique and efficient approach for mapping the substrate specificity of the collagenase. However, the method will not be applicable to all proteases. The requirement of some proteases, such as aspartyl proteases, for interactions C-terminal to the cleavage site may limit the usefulness of these substrates. However, we have evidence that some other MMPs have the ability to hydrolyze the immobilized substrates (data not shown). The combinatorial library should be applicable to those proteases for rapid access to detailed specificity information, which can be used as a starting point in the design and synthesis of potent and selective inhibitors.
